Introduction
With the onset of the acquired immunodeciency syndrome (AIDS) epidemic in the early 1980s, one of the rst indicators of infected patients was the presence of red skin lesions, a symptom of a disease known as Kaposi's sarcoma (KS). [1] [2] [3] [4] Before the discovery of the cause of AIDS, KS and other opportunistic infections were oen the rst signs, and biggest complications, for infected individuals. During this time signicant research efforts were made to determine the cause of AIDS, and in 1983 HIV was discovered. 5, 6 A little over ten years later the cause of KS was rst connected to a second virus, Kaposi's sarcoma-associated herpesvirus (KSHV), later given the alternative designation of human herpesvirus 8 (HHV-8). 7 Today, KS is still the most prevalent cancer in untreated HIVinfected individuals. Initial studies showed that it affected 1 in 20 HIV-positive patients. 8 With the introduction of highly active anti-retroviral therapy (HAART), patients in the developed world have seen improvements in the management and treatment of KS, but it remains increased in incidence as compared to the pre-AIDS era in HIV-infected patients. 9, 10 In regions of the developing world, such as Sub-Saharan Africa, both HIV and KS are endemic, and KS is the fourth leading cancer in the region.
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In some countries such as Uganda, KSHV is the number one cause of cancer in men.
11,12
The infectious cause of KS is now well known to be the oncogenic herpesvirus KSHV or HHV-8.
7, 13 While the details of transmission are still being studied, it is most likely through saliva [14] [15] [16] and in some regions KSHV rapidly spreads beginning in childhood affecting large portions of the population, reaching seroprevalence of over 50%. 11, 17 Like other herpesviruses, KSHV can establish a latent infection, and remains without causing any disease for the remaining life in most infected hosts, being necessary but not sufficient of KS development. In locations where the seroprevalence of KSHV is this high, the clinically relevant test becomes determining if KSHV is present in a specic tumor, and not simply if it is present in a person's blood.
A second issue arises because of a number of other diseases have a similar presentation as Kaposi's sarcoma, and are part of the differential diagnosis.
18-20 KS most oen presents as a collection of red lesions, and when looked at on a typical hematoxylin and eosin (H&E) stained histology slide has a number of unique features, including vascular spaces and proliferation of spindle cells thought to be of lymphatic endothelial origin. 13, 21 However, while these features are characteristic of KS, a number of other diseases, including bacillary angiomatosis (BA) caused by Bartonella henselae or quintana, and pyogenic granuloma with no known infectious cause, can oen have a similar clinical and histological appearance and represent a diagnostic challenge.
In developed clinical settings, skin biopsies are easily processed for histology using advanced tools including tissue processing systems and microtomes. KS diagnosis can then be made aer an H&E staining through microscopic evaluation by a pathologist, and when the histological characteristics are uncertain, the presence of KSHV is determined to conrm the diagnosis either with immunohistochemistry specic for unique KSHV proteins or polymerase chain reaction (PCR) specic for unique KSHV DNA sequences. While the professional expertise and methods for sample preparation and diagnostic techniques are available in developed nations, they are scarce or nonexistent in many of the places where KS is most prevalent. If affordable point-of-care diagnostics could be created that are capable of distinguishing KS from other similar conditions, better treatment could be provided.
Ultimately, two unique challenges present themselves in the creation of point-of-care diagnostics for Kaposi's sarcoma in the developing world. The rst is the requirement for the detection of KSHV in a biopsy sample without reliance on common laboratory technology. Extracting DNA from a skin biopsy sample using only simple, robust technology has thus far received little attention. The second challenge involves the presence of other diseases that can mimic KS, and thus the need for creating multiplexed detections that can distinguish one from the other. Further, these multiplexed detection systems need to be easily integrated to work with a small sample size, and in the presence of whatever surfactants and contamination is le over aer DNA extraction.
While diagnostics in the developing world in general pose a number of challenges, a large amount of work has been done addressing them. Recently an abundance of biosensors have been developing using mechanical, 22, 23 electrical, 24 and optical
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techniques to detect bioanalytes in minute quantities. Many of these devices combine microuidics and other nanotechnologies in order to create tools which both operate at the length scale of the detection target and at a macroscopic scale which can be simply read-out. A number of them have even been applied in the developing world, where the additional constraints placed on devices by a lack of resources and trained personnel compound issues further. 26, 27 Yet for all of the successes of these biosensors, a number of limitations still exist, including the need to pre-process samples, the ability to work in a range of buffers (including those used to lyse cells), high sensitivity limits, and oen a limited ability to detect multiple targets.
Perhaps some of the most interesting recently developed diagnostic technologies are those which link the presence of a bioanalyte to changes in the localized surface plasmon resonance of metal nanostructures. [28] [29] [30] These devices are both highly sensitive and produce a convincing color-change that is discernible to the naked eye. To date techniques using nanoparticle based detection schemes have been applied to the recognition of oligonucleotides, 31, 32 proteins, 33 metal ions, 34 and other small molecules. 35, 36 In the form of metal nanoparticles, localized surface plasmon resonance biosensors oen rely on some target molecule to trigger particle aggregation. When nanoparticles aggregate as illustrated in Fig. 1a and b, the particles surface plasmons couple and their resonance condition changes. These colorimetric detection reactions were initially developed with sensitivities around 1 nM to 10 nM.
31,37
Later work examined the limitations of these colorimetric nanoparticle aggregation detections, and determined the detection limit is ultimately a function of the relative concentration of nanoparticles to the concentration of DNA, and the size and optical cross section of the nanoparticles (among a few other factors).
28 By using larger nanoparticles (50 nm) or a Fig. 1 (a) and (b) illustrate the aggregation of silver and gold nanoparticles in the presence of target DNA. As the nanoparticles aggregate their surface plasmons couple, the resonance condition changes, and their characteristic optical peaks red shift. (c) 600 mL of gold nanoparticles, silver nanoparticles and a combination of both are shown, illustrating their optical properties. In the orange gold and silver solution each type of nanoparticle can be functionalized to react differently, allowing for either color change reaction to take place independently.
material with a higher optical cross section (i.e. silver) these colorimetric nanoparticle detection schemes have been optimized to reach sensitivities in the 50 pM to 1 nM range.
28,32,38
Additionally, a number of other nanoparticle based detection schemes exist, which use the same recognition reaction, but a different sensing mechanism. Examples include scanometric based detection in which gold nanoparticles bind to a surface and are then made visible through the deposition of silver on their surface, 26, 39 bio-barcode based detection schemes where the DNA signal is amplied before a similar silver deposition, 40 and simple spot-and-read tests where light from an illuminated glass slide is evanescently coupled into gold nanoparticles aer aggregation. 30 It is difficult to produce a single low limit of detection because of the number of techniques and targets which exist, but nanoparticle based colorimetric detection schemes that integrate waveguiding glass slides have been shown to go to detection limits as low as approximately 300 fM, 30 and bio-barcode techniques have been shown to reach as low as sub-attomolar detection limits.
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Recently, smartphone based technologies have also been combined with a number of colorimetric technologies, allowing for point-of-care detection and quantication of target levels using pre-existing technology. 43, 44 One pertinent example includes the use of a gold-on-paper platform and a smartphone camera in order to detect DNA sequences from Mycobacterium tuberculosis, the cause of tuberculosis.
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Here we present a solution to the differential diagnosis of KS and BA based on a colorimetric one-pot gold and silver nanoparticle system (Fig. 1c) . By combining these two oligonucleotide detection techniques in one solution we create a system that has two independent color change reactions depending on the DNA target present. We present both the visible color change associated with these detection reactions as well as the changes in the solutions optical spectrum and show the limit of detection of the system approaches single nanomolar concentrations. We demonstrate that our color change reactions have similar sensitivities to other aggregation reactions (1 nM), and that the two reactions do not interfere with each other. Because this multiplexed detection scheme can be carried out in one solution, it can later easily be integrated into a microuidic device which solves the second challenge in KS detection, working with biopsy samples. Further, additional techniques, including illumination through an evanescently coupled glass slide, could later be utilized to further enhance our limit of detection.
Experimental section
Primer design and selection Oligonucleotide sequences were chosen for KSHV using BLAST Primer Design 46 to determine short DNA sequences (20 BP) for DNA that codes for vCyclin, a KSHV protein known to express itself both during the latent and lytic viral phases. 47 The fact that vCyclin is expressed both latently and lytically could later be useful, because direct detection of extracted RNA could provide an additional template for amplication. Bacillary angiomatosis, a bacterial infection, can be caused by two different species, Bartonella quintana and henselae, 48 and primers were designed to be specic to both agents. Briey, the two bacteria genomes were compared to nd conserved regions, a reference genome was created out of the conserved regions, and BLAST Primer Design was used to nd oligonucleotides specic to these regions. A 15 base long polyadenine sequence was added to the 5 0 end of the sequences, followed by an alkyl thiol group used to bind the oligonucleotides to gold particles. All oligonucleotides were ordered from Invitrogen (Grand Island, NY), and their sequence information can be found in Table 1 .
Gold and silver nanoparticle functionalization
Gold and silver particles with average diameters of 15 and 20 nm, respectively, were functionalized using thiol based chemistry using methods described by others. 31, 32, 37 These sizes were chosen as a compromise between larger particles which generally provide higher sensitivity, 38 and smaller particles which are generally easier to make stable in salt solutions. Briey, 50 mL of 100 mM oligonucleotides with 5 0 alkyl thiol groups was added to 1 mL solutions of gold (3 nM) and silver (750 pM) nanoparticles and allowed to react overnight. The solution was then brought to 10 mM sodium phosphate and 0.01% sodium dodecyl sulfate (SDS), and again given 24 h to react. This process was repeated, this time adding sodium chloride, resulting in nal concentrations of 100 mM, 200 mM, and 300 mM, each time with 24 hours in between. These increasing molarity salt solutions are used to screen electrostatic interactions between DNA strands, ultimately allowing for a higher density layer to be formed on the surface of the nanoparticles. Aer the nal incubation period, solutions were spun down and resuspended in 0.01% SDS three times to remove excess oligonucleotides, and nally brought to 10 mM sodium phosphate and 300 mM sodium chloride. A similar disassociation temperature is determined here for a correct target for both nanoparticle systems, and further detection reactions are performed at a temperature just below this threshold to insure incorrect targets don't cause any aggregation. KSHV and Bartonella DNA (10 nM) sequences were added to solutions of conjugated gold and silver nanoparticles respectively, and the solutions were allowed 4 h to aggregate. Then, the solutions were heated in 5 degree increments from 45 C to 95 C to determine at what temperature the nanoparticles disassociated.
KSHV and BA detection and sensitivity measurements
Solutions of gold and silver nanoparticles were mixed to yield a nal concentration of 1.5 nM gold nanoparticles and 325 pM silver nanoparticles. Due to silver's higher absorption cross section, a lower concentration was used. Target and control DNA were added at concentrations of 5 nM and solutions were kept 2 hours at 65 C to react before their absorbance measurements were recorded. Similarly, experiments were conducted to measure the limit of detection of the system. Different concentrations of DNA from 10 pM to 1 mM were added to 40 mL of both silver and gold independently to measure the sensitivity of each channel. Solutions were given 2 h at 65 C to react, and their near UV and visible spectrums were collected.
Materials and instrumentation
Spectrophotometric measurements were taken using a Spectramax plus 384 (Molecular Devices, Sunnyvale, CA) in the Nanobiotechnology Center at Cornell University. SEMs were taken on a Zeiss Ultra (Oberkochen, Germany) in the Cornell Center for Nanofabrication. Gold nanoparticles were purchased from Nanopartz (Loveland, CO). All other reagents were purchased from Sigma-Aldrich (St. Louis, MO).
Results and discussion

Nanoparticle-oligonucleotide conjugation
The attachment of oligonucleotides to gold and silver nanoparticles yielded homogenous stable solutions of nanoparticle conjugates the same color as the original solution. As in previous work by Storhoff et al. and Thompson et al., a small change of roughly 1 to 3 nm in nanoparticle resonance was observed in accordance with the nanoparticle conjugations, as shown in Fig. 2 . 32, 37 Decreases in absorbance were also observed due to incomplete collection of nanoparticles during excess oligonucleotide removal. The nal gold nanoparticle solutions were stable for greater than 1 month at room temperature, while the silver particles were stable for approximately two weeks. This difference in stability is likely attributed to the different reaction constants between gold and thiol and silver and thiol.
Melting temperature analysis
The results of the melting temperature analysis indicated that the KSHV functionalized nanoparticles disassociated between 75 C and 80 C, and the Bartonella functionalized nanoparticles between 70 C and 75 C, as shown in Fig. 3 . These results line up well with the expected melting temperatures of the oligonucleotide probes, which can be found in Table 1 . Further, the lower melting temperature of the Bartonella probes agrees well with the length of the probes being 5 nucleotides shorter. These temperature results were used to choose 65 C as the temperature that the detection and sensitivity experiments were conducted at to prevent nonspecic aggregation. 
Multiplexed KSHV and BA DNA detection experiments
In experiments using both KSHV functionalized gold and Bartonella functionalized silver nanoparticles (Fig. 4a) , upon successful aggregation and detection of one target, the multiplexed solution displayed a color more similar to the non-aggregated solution. For example, when Bartonella target DNA (BA DNA) was introduced to the solution the silver nanoparticles aggregated and the solution turned to a pink color, more dependent on the surface plasmon characteristics of the unaggregated gold particles (Fig. 4b) . When KS DNA was introduced the gold nanoparticles aggregated and the solution changed to a murky yellow-orange color, more dependent on the silver nanoparticles (Fig. 4c) . Spectrophotometric analysis also revealed that only the wavelength resonant peak of the nanoparticle aggregate was affected by the detection of a single target (Fig. 4d) . A small change in the absorption at the nontarget-corresponding resonant wavelength is observed due to a change in the corresponding resonant peak's tail, but the resonant peaks wavelength did not change. Further, scanning electron micrographs reveal that upon introduction of a target, an aggregation reaction does indeed occur (Fig. 5) . For the gold nanoparticles a color change could be visually observed as early as 30 minutes to 1 hour aer addition of DNA and for the silver nanoparticles as early as one hour aer the addition of target. Measuring the absorbance of the solutions we were able to see changes as soon as 10 to 20 minutes aer the addition of target. When gold nanoparticles and silver nanoparticles were mixed and stored together the silver nanoparticles would gradually and nonspecically aggregate over the course of two to three days, even in the presence of no target. Presumably this aggregation was caused by a reaction between the thiol groups of the Bartonella probe DNA attached to the silver nanoparticles reacting with the gold nanoparticles because of thiol and gold's greater reaction constant. However, over the time span of our reactions, no change was observed in the silver nanoparticles, allowing for multiplexed detection in one solution.
Sensitivity experiments
Detection reactions were carried out at various target DNA concentrations to determine the limit of detection of the system. Our results indicate that the limit of detection of the gold nanoparticles is approximately 2 nM, and for the silver nanoparticles is approximately 1 nM (Fig. 6) . The limit of detection of the silver nanoparticles is likely higher because their higher absorption cross section allows for a lower concentration of nanoparticles that can aggregate in the presence of less DNA. These results line up well with previous nanoparticle-based colorimetric detection, which shows limits of detection for gold around approximately 1 nM, and for silver around approximately 100 pM.
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While these limits of detection are high for the detection of unamplied DNA, there are a number of techniques that we could later implement to allow our multiplexed system to directly detect extracted DNA. One example previously mentioned involves evanescently coupling light from illuminated glass slides into the nanoparticles to excite them as opposed to a broadband source. Storhoff et al. report a limit of detection of 300 fM, demonstrating how this simple light source can provide an almost 1000 fold increase in sensitivity using the same nanoparticles. 30 Ultimately, they use their system to detect unamplied genomic DNA. A second technique which could be used to directly detect KSHVs presence involves detecting mRNA already transcribed from the genomic DNA. As explained previously vCyclin, is expressed both latently and lytically, and orders of magnitude more copies could be available for detection.
Conclusions
Here we have demonstrated a multiplexed colorimetric onesolution method of detecting KSHV and Bartonella DNA. We have shown that gold and silver nanoparticle conjugates can be used in one solution for colorimetric detection, and that both color change reactions can be seen independently of each other. Our results indicate that this sort of technique can be used to differentiate DNA from these two similarly presenting diseases with speeds on the same order of PCR based techniques (minutes to hours), and faster than immunohistochemistry based ones (hours to days).
In this work we demonstrate such a multiplexed detection using two targets, but it is possible to imagine that by using nanoparticles of other shapes, sizes, and materials, a multiplexed solution could be created capable of many colorimetric detection reactions for different targets. In addition to nanospheres like those used in this work, nano-rods, 49 prisms,
bipyramids, 52,53 and a number of other geometries [54] [55] [56] exist with different SPR wavelengths. Depending on how much overlap is allowed between SPR peaks of different nanoparticles, anywhere from a handful to dozens of detections could be carried out within the width of the visible spectrum.
While improvements are still needed in order to detect unamplied DNA, the techniques here could be easily integrated into more complex microuidic devices, forming diagnostics capable of solving both major challenges in KS diagnosis: disease differentiation and starting with a solid sample. While in this work our samples are most illustrative of a biopsy sample aer signicant processing, in future work the system could be built to accept biopsy samples directly. A number of possible solutions exist for increasing the sensitivity of colorimetric nanoparticle-based detection, including the previously mentioned examples of detecting amplied RNA targets, such as vCyclin RNA, or using evanescent coupling into the particles to measure only scattered light. Additionally, lower limit detection could be possible by using nanoparticles at concentrations that are not visible to bind to target DNA, and then concentrating any resulting aggregates using a microuidic device.
Another interesting case where multiplexed colorimetric detection based on metal nanoparticles could be applied is the detection of HIV and syphilis in the developing world, a problem recently tackled by Chin et al. 26 In this case, both diseases are treatable, but in pregnant women can become fatal to their children. Chin et al. develop a microuidic ELISA chip to solve the problem and demonstrate amazing results with clinical samples. Here a multiplexed colorimetric solution could provide an easier readout in a similar device that could provide the patient with more condence in the result.
Since therapeutics capable of controlling HIV, and thus in many cases KSHV, have been created the incidence rates of KS in the United States has decreased. However, in other areas of the world KSHV is still a major cause of cancer. Better diagnostics, potentially built utilizing the system described above, could be useful in diagnosing and allowing for subsequent treatment. The capability of multiplexed detections in one solution is particularly interesting in the case of differentiating between Kaposi's sarcoma and bacillary angiomatosis, as well as pyogenic granuloma by exclusion, where added difficulties besides multiplexing will arise from having to extract a bioanalyte from solid samples. In this case because of the limited sample size single solution multiplexed detection has an important advantage.
Here we have demonstrated work towards creating such a detection reaction that could later be integrated into a diagnostic device. We have shown that it is capable of detecting multiple targets, and that its limit of detection falls in line with similar work, and could be enhanced further using other known techniques. In future work we hope to integrate the reaction with biopsy-based detection, and solve both challenges involved in KS diagnosis.
